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ABSTRACT 
As one of the basic components of phononics, thermal diodes transmit heat current 
asymmetrically similar to electronic rectifiers and diodes in microelectronics. Heat can be 
conducted through them easily in one direction while being blocked in the other direction. In this 
work, we report an easily-fabricated mesoscale chemical vapor deposited (CVD) diamond 
thermal diode without sharp temperature change driven by the gradient grain structure of CVD 
diamond membranes. We build a spectral model of diamond thermal conductivity with complete 
phonon dispersion relation to show significant thermal rectification in CVD diamond 
membranes. To explain the observed thermal rectification, the temperature and thermal 
conductivity distribution in the CVD diamond membrane are studied. Additionally, the effects of 
temperature bias and diamond membrane thickness are discussed, which shed light on tuning the 
thermal rectification in CVD diamond membranes. The conical grain structure makes CVD 
diamond membranes, and potentially other CVD film structures with gradient grain structure, 
excellent candidates for easily-fabricated mesoscale thermal diodes without a sharp temperature 
change. 
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Ⅰ. INTRODUCTION 
Electron and phonon conduction are two main fundamental transport mechanisms in solid 
state materials, but all modern information computing processes are based on the flow of 
electrons in devices such as electronic transistors.1,2 As their counterpart, phononics also has the 
potential to process information by manipulating heat flow like electron flow.3 Thermal diodes 
are basic components of phononics, which aim to control heat current similar to electronic diodes 
in microelectronics.4 For an electronic diode, its electrical resistance is small when applying a 
bias (electrical voltage) in one direction while the electrical resistance becomes very large when 
applying the bias in the other direction. This controls the electrical current to flow through the 
electronic diode asymmetrically. Similarly, when applying a bias (temperature difference) across 
a thermal diode in opposite directions, the thermal resistance is small when applying the bias in 
one direction while the thermal resistance becomes large in the other direction. Here, we define 
the thermal rectification as the ratio of the thermal resistance difference in the two directions and 
the smaller thermal resistance.5,6  
In the past two decades, interest in thermal rectification has been growing rapidly because of 
its potential applications in information computation, thermal control, and energy conversion.1,2,4 
Both theoretical and experimental explorations have been demonstrated by graded mass density,7 
two components with different materials,8,9 asymmetric geometry,10-14 phase change 
materials,3,15,16 thermal radiation,17-19 holes or graded doping.20,21 Most of these demonstrations 
require very complicated nanofabrication techniques or have an interface which leads to a 
localized temperature drop.20 These scenarios suggest that it would be interesting to observe 
large thermal rectification in a one-material configuration that can be fabricated easily.  
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Chemical vapor deposited (CVD) diamonds have been extensively studied to dissipate heat 
for applications of thermal management in power electronics.22-26 To grow CVD diamond on a 
substrate, the substrate needs to be mechanically abraded with diamond powders as seeds. 
Microwave-enhanced chemical vapor deposition method is used to grow diamond from these 
seeds by using a mixture of hydrogen and methane.27 The diamond crystals grow in a columnar 
structure and expand laterally as the film thickness increases from the diamond-substrate 
interface.28 Consequently, the diamond crystal size at the diamond-substrate interface is much 
smaller than that at the growth interface. This gradient grain structure results in different 
dominant phonon scattering mechanisms that have different temperature dependence in the two 
sides of the diamond membrane. When applying a temperature bias across the diamond 
membrane in two different directions, we can observe thermal rectification (different thermal 
resistances).  
In contrast to the approaches of fabricated defects, holes, or asymmetric shapes, a CVD 
diamond membrane itself has conical grain structure and does not need extra fabrication. The 
gradient phonon confinement (grain boundary scattering) resulting from the gradient grain sizes 
makes it an excellent candidate for thermal rectification. In this work, we report a large 
theoretical thermal rectification in CVD diamond membranes by building a spectral thermal 
conductivity model based on complete phonon dispersion relation of diamond. This concept can 
be applied to other CVD growth materials where there is a strong change in the temperature 
dependence of thermal conductivity through the material.  
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Ⅱ. THERMAL CONDUCTIVITY MODEL 
For mesoscale heat conduction modelling, the length scale is too large for Molecular 
Dynamics simulation and too small for assuming diffusive conduction. Empirical formulas or 
modified Callaway models were usually used to describe the thermal conductivity of CVD 
diamond. Sood et al. used a gray kinetic model to model thermal conductivity by assuming an 
effective mean free path.29 Several modified Callaway models were also used to model diamond 
thermal conductivity with assumptions of constant phonon velocity, and an ideal Debye-type 
phonon spectrum.30-33 Here, we model the thermal conductivity of CVD diamond with complete 
phonon dispersion relation without these assumptions, similar to the method used by Mingo et al. 
for silicon nanowires and Foley, et al. for nano-grained SrTiO3 thin films.
34,35 The specific heat 
and thermal conductivity are calculated by 
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where   is the thermal conductivity, j is the phonon polarization index, v  is the phonon group 
velocity,   is the total scattering rate,   is the angular frequency, BEf T   is the temperature 
derivative of Bose-Einstein distribution function, and k represents the phonon wavevector.35 We 
chose (100) direction of the phonon dispersion relation of diamond to do all the calculations 
because this direction is highly symmetric which can be assumed as isotropic Brillouin zone.36 
The temperature dependent specific heat of diamond was calculated and agreed excellently with 
experimental values,37 as shown in FIG. S1. The total scattering rate is determined by the 
Matthiessen’s rule,38 given as  
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where, relaxation time for impurity is 
4 1( )imp jA 
 , relaxation time for Umklapp scattering is 
2 / 1( )C Tu jBT e 
  , d is the sample size. By fitting calculated thermal conductivity to previously 
reported experimental values32, we can obtain constants A, B, and C as 1e-48 s3, 2.03e-20 s/K, and 
425 K. The fitting plot is shown in FIG. S2.  
For CVD diamond, the grain sizes change with distance from the nucleation side z, as shown 
in FIG. 1. We calculate the in-plane and cross-plane crystal sizes as same as Ref. 28,29 (Formulas 
7 and 8 in Ref. 29). The local scattering rate for cross-plan thermal conduction is given by 
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where, effective cross-plane grain size ( )zeffd z =0.75 ( )zd z t/(1-t), effective in-plane grain size 
( )reffd z = ( )rd z (1+p)/(1-p). t and p are constants related to transmission and specularity. We take 
t=0.56 and p=0.33 which are fitted from experimental data in Ref. 28. For impurity scattering, we 
assume the impurity scattering at the nucleation interface is ten times larger than the isotope 
scattering (
4 1(10 )imp jA 
 ) and decays to 4 1( )imp jA 
 in 2 μm with second order polynomial 
function with the distance from the nucleation interface (z).20 Then the thermal conductivity of 
CVD diamond is a function of distance from nucleation interface z and temperature T. 
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FIG. 1. Schematic diagram of grain structure of the CVD diamond membrane. R1 and R2 are 
thermal resistances of the diamond membrane when heat flux goes from the nucleation side to 
the growth side and from the growth side to the nucleation side.  
 
A finite element method is easily used to obtain the temperature and thermal conductivity 
based on Fourier’s law, as shown in FIG. 2. The diamond membrane is divided into 2000 layers. 
Here, the heat transfer in the diamond membrane is a one-dimensional steady-state heat 
conduction. To obtain the thermal resistance 𝑅 = ∆𝑇 𝑞⁄ , if we fix the temperature of one side of 
the membrane as T1, we need to find a certain heat flux to make the temperature of another side 
of the membrane as 𝑇2000 = 𝑇1 + ∆𝑇. We know the distance from nucleation interface of each 
layer once we know the membrane thickness. The temperature of all layers are initialized as T1. 
For every layer (i), its thermal conductivity (i) can be obtained after we know its distance from 
the nucleation interface (zi) and its temperature (Ti). By guessing a value of heat flux q, the 
temperature of each layer is updated with 𝑇𝑖 = 𝑇𝑖−1 − 𝑞 × ∆𝑧 𝜅𝑖⁄ . Here ∆𝑧 is the thickness of 
each layer. Repeat updating Ti and i until they are self-consistent. After that, the temperature 
R1 
R2 
 Growth side 
 Nucleation side 
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difference between layer 1 and layer 2000 is obtained and compared with the needed value as 
feedback to change the value of q. After we find the heat flux that makes the temperature 
difference between layer 1 and layer 2000 as the needed value, the thermal resistance can be 
obtained. This procedure also works for calculating thermal resistance in the opposite direction. 
We only need to change the heat flux to a negative value. The thermal rectification is the ratio of 
the thermal resistance difference for two opposite directions and the smaller thermal resistance.  
 
 
FIG. 2. Schematic diagram of the iteration process of calculating thermal rectification.  
 
Ⅲ. RESULTS AND DISCUSSION 
FIG. 3 shows the temperature dependent local cross-plane thermal conductivity of the CVD 
diamond membrane with different distances from the nucleation interfaces (z). If taking the curve 
of z=100 μm as an example, the diamond is polycrystalline but has very large grains so phonon-
phonon scatterings will dominate over grain boundary scatterings. As a result, the thermal 
conductivity increases with increasing temperature at low temperatures because of the sharp 
temperature dependence of specific heat (T3). The thermal conductivity decreases with increasing 
temperature at high temperatures because of phonon-phonon scattering. At a given temperature, 
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the local thermal conductivity increases with z because the grain size increases with z. The 
temperature where peak thermal conductivity occurs shifts to higher temperatures with smaller z 
because structural imperfection like grain boundary scattering and impurity scattering impedes 
phonon transport significantly at low temperatures. Elastic scatterings like grain boundary 
scatterings and impurity scatterings are temperature independent while phonon-phonon 
scatterings are strong temperature-dependent. So we can see strong temperature dependence of 
thermal conductivity for large z values and weak temperature dependence for small z values. 
This is the phenomenon we leverage here to observe thermal rectification in CVD diamond 
membranes. In the temperature range of 200-300 K, thermal conductivity for z=1 μm increases 
with temperature while thermal conductivity for larger z values decreases with temperature. 
These opposite trends facilitate thermal rectification in CVD diamond membranes.  
 
 
FIG. 3. Temperature dependent local cross-plane thermal conductivity of a CVD diamond 
membrane for different distances from nucleation side (z). 
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The value of thermal rectification is defined as (R2-R1)/R1, as shown in FIG. 1. R1 and R2 are 
thermal resistances of the whole diamond membrane with heat flux flowing in the two opposite 
directions (i.e. R1 from the nucleation side to the growth side, and R2 from the growth side to the 
nucleation side). FIG. 4 shows the temperature and thermal conductivity distribution along 
thickness direction when applying a temperature bias of 175-375 K to a 100 μm thick diamond 
membrane. The slope of temperature change with z is large near nucleation interface because of 
its low thermal conductivity, especially when the nucleation side is on the low temperature side 
of the bias. When the nucleation side is the cold side and the growth side is the hot side, the 
thermal conductivity of both the cold and hot sides are small, resulting in a large thermal 
resistance. When the growth side is the cold side and the nucleation side is the hot side, the 
thermal conductivity of both the nucleation and growth sides are large, resulting in a small 
thermal resistance. Only for a small part in the middle of the membrane, its thermal conductivity 
has the opposite trend, which decreases the thermal rectification. These differences in thermal 
conductivity distribution results in the preferential heat flow moving from different sides of the 
membrane. The total thermal resistance when heat flux flows from the nucleation side to the 
growth side is smaller than that when heat flux flows from the growth side to the nucleation side. 
As a result, the thermal rectification of this diamond membrane configuration reaches to 25%. 
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FIG. 4. Temperature (a) and thermal conductivity (b) distribution along thickness direction with 
a temperature bias of 175-375 K. “Nucleation cold” represents the nucleation side of the 
diamond membrane has a lower temperature than that at the growth side. “Nucleation hot” 
represents the nucleation side of the diamond membrane has a higher temperature than that at the 
growth side. 
(a) 
(b) 
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Membrane thickness and temperature bias affect the thermal rectification of CVD diamond 
membrane significantly. FIG. 5 shows thickness dependent thermal rectification with different 
temperature biases of 50 K, 100 K, and 200 K. The average temperature of all these three cases 
is 275 K. The thermal rectification increases with membrane thickness rapidly before reaching a 
peak. Then it decreases slowly with increasing thickness.  
 
 
FIG. 5. Thickness dependent thermal rectification of a CVD diamond membrane with 50 K, 100 
K, and 200 K temperature biases. 
 
When the membrane is thin, grain boundary scattering plays an important role in impeding 
thermal transport even at growth side of the membrane. Unlike phonon-phonon scattering, 
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structural imperfection scatterings like grain boundary scattering are elastic scatterings which are 
temperature independent. When grain boundary scatterings are dominant over phonon-phonon 
scatterings, the thermal conductivity is less temperature dependent. When the temperature bias is 
applied, thermal rectification becomes small because the thermal conductivity is weakly 
temperature dependent and does not change much with different temperature distribution. As the 
thickness increases, the large grain size impedes phonon transport to a diminishing degree. 
Phonon-phonon scattering becomes the dominant mechanism affecting thermal transport, which 
is highly temperature dependent. This leads to an increasing rectification ratio. But as the 
membrane thickness keeps increasing, the temperature gradient across the membrane thickness 
direction becomes increasingly small. The middle part of the membrane does not contribute to 
thermal rectification. This leads to a slow decrease of thermal rectification when the membrane 
thickness keeps increasing. Additionally, the thermal rectification increases with the applied 
temperature bias. The thermal rectification with temperature bias of 100 K is close to twice as 
that with temperature bias of 50 K. However, the thermal rectification with temperature bias of 
200 K is larger than twice of that with temperature bias of 100 K. This is due to the very large 
temperature dependence of diamond thermal conductivity at low temperatures (175-225 K). To 
observe thermal rectification in the diamond membranes, high heat flux is required (several 
kW/mm2). Additionally, to distinguish the effects of grain boundary and defects near the 
nucleation interface we added in the model on the thermal rectification, we calculate the thermal 
rectification in both cases (with and without the extra defects), as shown in FIG. 6. The two lines 
overlap with each other for both cases so the added defects in the model does not affect the 
thermal rectification. The observed thermal rectification is mainly due to gradient grain structure. 
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FIG. 6. Thermal rectification for diamond membranes with and without considering added 
defects near the nucleation interface in the model. The temperature bias is 175-375 K. 
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Ⅳ. CONCLUSION 
As one of the basic components of phononics, thermal diodes transmit heat current 
asymmetrically similar to electronic rectifiers and diodes in microelectronics. In this work, we 
report an easily-fabricated mesoscale chemical vapor deposited (CVD) diamond thermal diode 
without sharp temperature change driven by the gradient grain structure of the CVD diamond 
membrane. We developed a spectral thermal conductivity model of the thermal conductivity of 
CVD diamond with complete phonon dispersion relation to show significant thermal rectification 
in CVD diamond membranes. With the use of our model we find thermal rectification reaches 
5%, 11%, and 25% with temperature biases of 50K, 100K, and 200K, which suggests that CVD 
diamond could serve as practical thermal diodes. To explain the observed thermal rectification, 
we studied the temperature and thermal conductivity distribution in the CVD diamond 
membrane. Additionally, we discussed the effects of temperature bias and diamond membrane 
thickness, which shed light on tuning thermal rectification in CVD diamond membranes. The 
conical grain structure makes CVD diamond membranes, and potentially other CVD film 
structures with gradient grain structure, excellent candidates for easily-fabricated mesoscale 
thermal diodes without a sharp temperature change. 
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